ABRAMS, GERALD D. (The University of Michigan Medical School, Ann Arbor), AND JANE E. BISHOP. Effect of the normal microbial flora on the resistance of the small intestine to infection. J. Bacteriol. 92:1604-1608. 1966 in the small intestine is known to be influenced by the normal microbial flora. This suggests that mucosal resistance to invasion by enteric pathogens might also be affected by the flora. To assess this possibility, germ-free and conventional mice were challenged with Salmonella typhimurium, and both the growth of organisms within the intestinal lumen and the translocation to mesenteric lymph nodes were studied quantitatively. There were significantly more organisms 24 hr after intragastric challenge in the mesenteric nodes of germ-free animals than in those of conventional ones. However, since intraluminal growth in the intestine was also greater in germ-free animals, no conclusion could be drawn about mucosal resistance per se. Results were similar when the challenge was intraduodenal. However, when intestinal emptying was prevented by ileal ligation before challenge, both intraluminal growth and translocation of S. typhimurium were equal in the two groups of mice. It is concluded from these data, as well as from preliminary dye studies of intestinal motility, that the normal flora does not influence mucosal resistance directly, but may alter enteric infection by affecting intestinal emptying.
Defense of the host against infection is a wellrecognized function of the normal intestinal flora. This protective property is usually explained on the basis of inhibitory effects exerted by the resident flora upon a potential invader, by virtue of their competing for limited nutrients (8) or through their producing of antibacterial substances (3, 13) . However, the normal flora also has a more direct impact upon the host, being responsible, to a striking degree, for the development of a number of anatomical and physiological traits of the host ordinarily considered "normal." This is particularly true within the small intestine, where it has been demonstrated, by comparison of conventional with germ-free animals, that the lamina propria acquires its usual structure as a result of exposure to the normal flora, that the life cycle of mucosal cells is influenced strikingly by the flora, and that even the surface area is affected by the presence or absence of the flora (1, 11) . In view of these facts, it appeared that the flora might also have a direct influence on mucosal resistance to infection, and thus play a role distinct from its antibacterial function within the intestinal lumen. The purpose of this study was to assess this possibility by comparing infection with Salmonella typhimurium in germ-free and conventional mice, with the extent of translocation of organisms from the intestinal lumen to the mesenteric lymph nodes serving as an index of the resistance of the mucosa in the two groups of animals. Bacterial counts. At the end of the experimental period, animals were killed by aseptic cardiac puncture and exsanguination under ether anesthesia. Appropriate 10-fold serial dilutions of heparinized heart blood were prepared for quantitative plating. The entire mesenteric lymph node complex was removed aseptically from each animal and ground in saline in a tissue homogenizer; the homogenate was plated for bacterial enumeration. The small bowel was removed, minced in 10 ml of saline with its entire content, and placed in a stoppered flask. After 0.5 hr of agitation on a reciprocal shaker, dilutions of the supematant fluid were prepared. All materials for quantitative culture were spread on the surface of MacConkey Agar, in duplicate plates. Enumeration of colonies was performed after 24 hr of incubation at 37 C.
RESULTS
The first series of experiments was designed to compare the number of salmonellae penetrating the mucosa in germ-free and conventional mice within the first 90 min after challenge. This short interval was selected because of reports elsewhere that certain other microorganisms appear in mesenteric lymph and in blood within moments of their introduction into the gastrointestinal tract (9, 12) . Furthermore, the brevity of the test period insured that the mucosa of all animals in both groups would be exposed to the same number of challenge organisms, there being insufficient time for significant multiplication within the lumen of the bowel. In an initial experiment, five germ-free and five conventional mice were challenged intraduodenally with 109 organisms. At the termination of the test interval, 9 of the 10 animals (the single exception being a conventional mouse which may have been traumatized during the intubation) were found to have completely negative cultures of blood and mesenteric lymph nodes. In subsequent experiments, the test interval was extended to 4 hr, with only sporadic cultural evidence of translocation of Salmonella from intestinal lumen to mesenteric lymph nodes.
Because these short intervals obviously did not allow meaningful comparison of the two groups, in the next series of experiments the animals were allowed to survive 24 hr after challenge with 109 organisms. Since the germ-free animals were to be maintained within their isolators for the test period, the intragastric route was chosen for challenge of all animals in the series as a matter of convenience. The longer test interval proved to be sufficient for the appearance of detectable numbers of S. typhimurium in the lymph nodes of mice in both groups. As seen in Table 1 , the translocation of organisms during this time was almost 50-fold greater in the germ-free than in the conventional mice; the difference between the two means is highly significant statistically. Furthermore, the results of the blood cultures also attested to the greater spread of infection in the germ-free mice. S. typhimurium was recovered from the blood of all but one germ-free animal, the mean count being 1.9 X 103 per milliliter of blood, whereas all blood cultures were negative in the conventional mice. However, despite these striking differences in the extent of spread of the infection beyond the intestine in the two groups, no conclusions could be drawn as to a difference in mucosal resistance per se. As shown in Table 1 , the environment provided by the intestine of the germ-free animals allowed for the multiplication and maintenance, during the test interval, of far greater numbers of S. typhimurium than in conventional animals. This difference alone, rather than any deficiency in germ-free mice of the mucosal barrier to invasion, could have accounted for a greater spread of infection.
In the next series of experiments, therefore, an attempt was made to create a situation in which the number of S. typhimurium in the intestine during the experiment would be similar in the germ-free and conventional mice. The possible effect of a difference in gastric emptying time in the two groups was eliminated by challenging the animals intraduodenally, as outlined above, and the test interval was reduced to 16 hr. Nonetheless, the results, as summarized in Table 2 , were parallel to those of the 24-hr experiment.
Although the extent of translocation of organisms to mesenteric lymph nodes was generally less at this shorter interval than at 24 hr (with blood cultures only sporadically positive at 16 hr), the germ-free mice exhibited significantly more S. typhimurium in their lymph nodes than did their conventional counterparts. However, as seen in Table 2 , this again could be construed as but a reflection of greater numbers of organisms growing intraluminally in the intestine.
In the last series of experiments, ligation of the terminal ileum was performed immediately prior to intraduodenal challenge of the animals, creating, in essence, an infection within a closed tube. As a result, the growth of S. typhimurium within the bowel in both groups was greater than in previous experiments, owing to the inability of the ligated bowel to discharge its content continually. Moreover, with this maneuver, as seen in Table  3 , equal intraluminal growth was finally achieved in germ-free and conventional mice. With equal numbers of S. typhimurium thus maintained in the on October 27, 2017 by guest http://jb.asm.org/ Downloaded from after feeding. Despite the lack of precision inherent in this dye method, a consistent finding was" the presence of obviously greater quantities of residual dye in the upper gastrointestinal tract, particularly the small intestine (Fig. 1) , of germfree animals than in that of conventional animals.
DISCUSSION
The results of these experiments are certainly in accord with the general principle that the presence of a resident flora influences the course of an enteric infection. The manner in which this is accomplished in the small intestine, however, was found to be somewhat different than had been anticipated at the outset of this study. Our original hypothesis was that the mucosa of the conventional animal, by virtue of its better developed lamina propria and lymphoid tissue, and of its more rapid rate of epithelial renewal (1) , might prove to be a better barrier to bacterial invasion than that of the germ-free animal. The fact that the translocation of organisms across the mucosa was the same in germ-free and conventional mice, when the number of challenge organisms in the bowel was held constant during the test period, clearly demonstrates this hypothesis to be incorrect.
Instead, the present results indicate that the size of the intraluminal population of potentially invasive organisms is a prime determinant of bacterial translocation across the mucosa. Although this is true, it should be noted that alterations of rather large magnitude in the intraluminal population are required to effect much smaller changes in the extent of translocation of organisms. This is a reflection of the fact that, in each of the above experiments, as well as in previous studies with other agents (9, 12) , the number of organisms actually crossing the mucosa represents only a small fraction of the total intraluminal population.
Comparison of the numbers of S. typhimurium within the unligated small bowel of germ-free and conventional animals leaves no doubt that the resident flora somehow exerts a controlling influence over the population of invading organisms. However, the fact that the growth of these organisms is unimpaired by the resident flora in the ligated small bowel of conventional animals demonstrates clearly that control is not via a direct, antibacterial action of the flora. This contrasts sharply with the action of the cecal and colonic flora, which is qualitatively and quantitatively different from that of the small intestine flora and which is known to have a direct inhibitory effect on the growth of potential pathogens (3, 13 Thus, the results of the present study lead to the conclusion that the conventional flora contributes to the control of the population of S. typhimurium in the small intestine primarily by stimulating peristaltic emptying. Recently, we have initiated quantitative studies of intestinal motility employing a radioactive tracer. The data thus far obtained confirm and extend the findings of the above dye study; they demonstrate that, at the end of any given experimental period up to 24 hr, a far greater proportion of an administered feeding remains in the small intestine of the germfree animal than in that of its conventional counterpart, which is stimulated by the resident flora. Therefore, when the germ-free host is fed a challenge dose of viable bacteria, a significant fraction of that dose may remain in the small intestine over a period of many hours. Bacterial multiplication can then result in the maintenance of, if not the actual increase in, a large bacterial population to which the mucosa is exposed. This would explain not only the present results, but possibly also the findings of Formal et al. (6) and Sprinz et al. (16) that the germ-free guinea pig, unlike its conventional counterpart, is exquisitely sensitive to infection of the small intestine with Shigella flexneri.
The identity of the particular components of the conventional flora responsible for enhancement of intestinal motility is, at present, unknown. The site of their action is likewise obscure. Although cecal distension has long been recognized as an aspect of germ-free life, it is apparent that the small intestine and probably other portions of the gastrointestinal tract are also affected by
